The pyrolysis of the crude glycerol from a biodiesel production plant was investigated by thermogravimetry coupled with Fourier transform infrared spectroscopy. The main gaseous products are discussed, and the thermogravimetric kinetics derived. There were four distinct phases in the pyrolysis process of the crude glycerol. The presence of water and methanol in the crude glycerol and responsible for the first decomposition phase, were shown to catalyse glycerol decomposition (second phase). Unlike the pure compound, crude glycerol decomposition below 500 K leaves behind a large mass fraction of pyrolysis residues (ca. 15%), which eventually partially eliminate in two phases upon reaching significantly higher temperatures (700 K and 970 K respectively). An improved iterative Coats-Redfern method was used to evaluate non-isothermal kinetic parameters in each phase. The latter were then utilized to model the decomposition behaviour in non-isothermal conditions. The power law model (first order) predicted accurately the main (second) and third phases in the pyrolysis of the crude glycerol. Differences of 10-30 kJ/mol in activation energies between crude and pure glycerol in their main decomposition phase corroborated the catalytic effect of water and methanol in the crude pyrolysis. The 3-D diffusion model more accurately reproduced the 4 th (last) phase, whereas the short initial decomposition phase was poorly simulated despite correlation coefficients ca. 0.95-0.96. The kinetics of the 3 rd and 4 th decomposition phases, attributed to fatty acid methyl esters cracking and pyrolysis tarry residues, were sensitive to the heating rate.
Introduction
Biodiesel has become more attractive recently as alternative diesel fuel to reduce dependency on fossil fuel imports. It is biodegradable, non-toxic, near CO 2 -neutral and environmentally beneficial (Ma, et al., 1999) . The transesterification of renewable biological sources such as vegetable oils and animal fat oils with an alcohol using alkaline or acid catalysts is the most common process for biodiesel production (Ma, et al., 1999 and Neyda, et al., 2008) , yielding one mol of glycerol for every three of fatty acid methyl esters (FAME). With a production of biodiesel on the increase through the building of new bio-refineries worldwide, the crude glycerol by-product becomes a waste problem, and pure glycerol is in surplus .
Crude glycerol from the biodiesel process often contains many impurities and is a very poor fuel, which is not used in either petrol or diesel engines (Slinn, et al., 2008) . It can be purified by distillation to use in both food and pharmaceuticals or can be sent to water treatment for digestion. However, these processes are very expensive and exhibit a low yield (Slinn, et al., 2008) . Several alternatives are being explored to utilise crude glycerol, and some commercial plants have been established to produce 1,3-propanediol, polyglycerols and polyurethanes from glycerol (Valliyappan, et al., 2008 and Adhikari, et al., 2008) . One mol of glycerol (C 3 H 5 (OH) 3 )
can theoretically produce up to 4 mol of hydrogen gas, and in addition, it is possible to get CO as one of the gaseous products due to the high oxygen content. Glycerol as a potential feedstock via pyrolysis, gasification or steam reforming to produce H 2 , CO or other fuel gases has received considerable research attention (Valliyappan, et al., 2008; Stein et al., 1983; Zhang et al., 2007; Dauenhauer et al., 2006; Czernik et al., 2002; Buhler et al., 2002; Aurelien et al., 2007; Ranjbar et al., 1991) . In a previous study on hydrogen production from unmixed steam reforming of sunflower oil fuels, the thermal decomposition of the fuel was found to play a significant role in the H 2 production and coke formation (Dupont et al., 2007) . There are also many opportunities for liquid biofuels to pyrolyse upstream of a steam reforming catalyst during the consecutive stages of the process, from the fuel injection, evaporation, to the mixing and reacting of the vapourised fuel with the steam in the reformer. Understanding the pyrolysis of crude glycerol is therefore important to design steam reforming processes that avoid tar and coke formation.
The pyrolysis of glycerol without catalyst is a very simple and a cheap method for energy conversion. Stein et al. (1983) studied the pyrolysis of glycerol in steam in a laminar flow reactor. The initial products of decomposition were CO, acetaldehyde and acrolein, and then acetaldehyde and acrolein further decomposed to produce primarily CO, CH 4 and H 2 . Valliyappan, et al. (2008) reported the hydrogen or syngas production from glycerol by pyrolysis at temperatures higher than 600C and the products were mainly gases consisting of CO, H 2 , CO 2 , CH 4 and C 2 H 4 . The thermal decomposition of glycerol in near-critical and supercritical water was also carried out by Buhler et al. (2002) in a tubular reactor and a conversion between 0.4 and 31% was observed. They reported the main products of the glycerol degradation included methanol, acetaldehyde, ethanol, CO, CO 2 and H 2 . The decomposition is highly endothermic for glycerol:
Due to high oxygen content, complex intermediates and high impurity levels, it is also very difficult to understand the characteristics of pyrolysis of the crude glycerol from the biodiesel production process. In this paper, following characterisation by GC-MS and CHNS analysis of crude glycerol from a biodiesel refinery, its pyrolysis was carried out in dry N 2 was studied by thermogravimetry coupled with Fourier transform infrared spectroscopy (TGA-FTIR). Other feedstocks such as pure glycerol, water/glycerol and methanol/glycerol mixtures were also analysed in TGA experiments to obtain a better understanding of the crude glycerol decomposition behaviour.
The thermogravimetic experimental data were interpreted by an improved iterative Coats-Redfern method, which allows the kinetic parameters to be estimated iteratively by linear regression and thus enhances the accuracy (Urbanovici et al., 1999) . A number of forms of the mechanism integral function g() were tested with the experimental data, including:
with n the order of reaction (g()=ln(1-) when n=1) (iii) 1D, 2D and 3D diffusion models (e.g. 3D:
The kinetics parameters were evaluated by minimizing the equation for the sum of the squares of residual errors (S res ) (Urbanovici et al., 1999) , and the best model identified by its correlation coefficient's closeness to 1.
Experimental

Materials
The crude glycerol was obtained from D1-Oils Ltd, Middlesborough, UK. It mainly consisted of 70-90wt% glycerol compound based on the data sheet from Directive 2001/58/EC provided by the manufacturer. Other compounds listed by the manufacturer were methanol (<15%), water (<15%), inorganic salts (<5%) and polyglycerol (<5%). In order to reduce its viscosity and allow the crude glycerol to be pumped, the manufacturers usually dilute the crude phase with ca 10% water, the mixture can then be used as oil-fired in power plants. The sample investigated here had undergone such a procedure. The CHNS elemental composition of the crude glycerol was determined for three samples using a CE Instrument Flash EA 1112 Series.
The resulting average elemental molar formula was C 3  0.2 H 8. 
TGA-FTIR studies
Thermogravimetry coupled with Fourier transform infrared spectroscopy (TGA-FTIR) experiments were carried out to study the pyrolysis of the crude glycerol. Thermogravimetric data were collected from 300 K to 1123 K at the heating rates of 5, 10, 15, and 20 K/min, under dry nitrogen atmosphere by using a Stanton Redcroft TGA apparatus. For comparison, pure glycerol samples were also analysed at the same heating rates, while the 10% water-glycerol as well as 10% methanol-glycerol were analysed at the heating rate of 5 K/min in the TGA.
Sample masses of about 20 mg were used. The pyrolysis products were carried through a stainless steel line into the gas cell for IR absorption detection. Both the transfer line and the gas cell were kept at 150 C to prevent gas condensation although the less volatile gases such as vapours of some compounds with high boiling point were expected to condense partially in this line. IR spectra were obtained using a magna system 560 spectrometer with a resolution of 4 cm −1 averaging 100 scans in the wavenumber range of 4000-500 cm −1 and the detector is the DTGS KBr. Total data collection time was 70.25 min. Figure 1 shows the TG mass loss curve of the pure glycerol with a 15 K/min heating rate and those of crude glycerol at various heating rates (5, 10, 15 and 20 K/min) in order to study the effect of heating rate on non-isothermal kinetics. As can be seen, the pyrolysis pattern of the crude glycerol at the different heating rates for each sample was similar, indicating four phases in the pyrolysis process. The mass loss, initial mass loss temperature, maximum mass loss temperature and final mass loss temperature for each phase in the pyrolysis of crude glycerol are shown in Table 1 for the four heating rates 5, 10, 15 and 20 K/min. Table 2 lists the same parameters for the pyrolysis of pure glycerol. The TG mass loss curve of the pure glycerol was simple and only presented one phase, covering 95% of its mass loss, spanning from (423-453) K to (503-556) K depending on the heating rate. The decomposition of the pure glycerol was almost complete, leaving only 2% mass residue upon further heating. For the crude glycerol, the mass loss values during the first phase (PH1) were about 10-15% and spanned from (322-343)
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K to (426-440) K depending on the heating rate. The removal of water and some low temperature volatiles such as methanol, the co-reactant in the transesterification of vegetable oil were most likely responsible for this low temperature first phase of mass loss. The role of water and methanol during PH1 was corroborated by additional TGA experiments at 5 Kmin -1 of the mixtures of 10% water in pure glycerol and of 10% methanol in pure glycerol, shown in Fig.2 .
Both of the 10% mixtures exhibited a 10% mass loss in the exact same temperature region as the crude glycerol during PH1. The main mass loss of crude glycerol pyrolysis occurred during the second phase (PH2) from (426-440) K to (501-548) K depending on the heating rates. The percentage of the mass loss during PH2 was about 67-69%. Some studies on the pyrolysis of the liquid nitrate esters by TGA showed the main loss of 98% between room temperature and 550K . Interestingly, we can see from Fig. 2 that for a given temperature in the main decomposition phase, the pure glycerol shows significantly higher remaining mass, hence lower mass loss, than the 10% mixtures and than the crude glycerol. This indicates that the pyrolysis of the glycerol in the crude mixture may be catalysed with similar effect by both the water and the methanol content in the crude. This will be explored further with the help of the kinetic analysis. Phase 3 of the crude glycerol extended from 501K to 774K depending on the heating rate, and accounted for 10.2 to 12.7 % of the crude glycerol mass. Given that the water and methanol content as well as 95% of the glycerol mass are expected to have been lost prior to PH3, it is expected that phase 3 (PH3) would have consisted in the thermal degradation of the impurities such as the fatty acid methyl esters and that of their residues from early degradation during PH2, forming further gases and leaving less residual matter. A final phase of crude glycerol pyrolysis (PH4), spanned from 760 to 1123 K, accounting for 3.7-5.8% mass loss depending on heating rate. The final residual in the pyrolysis of crude glycerol at 1123K
consisted of coke and ash, in amounts varying between 3.5 and 4.5 wt%, roughly twice as much as the pure glycerol final residue. It is known that the pyrolysis of glycerol, and fatty acid methyl esters producing coke may occur as a result of secondary reactions between the products of thermal cracking (Ranjbar and Pusch, 1991) . The tendency for these potential steam reforming or partial oxidation feedstocks to produce coke is therefore a challenge given the reliance on catalysts that are carbon-deposition sensitive in such processes. It is important to design the processes so as to avoid coke formation from high temperature thermal degradation of crude glycerol compounds.
Analysis of FTIR
The evolution of gaseous species and products as a result of the pyrolysis of crude and pure glycerol samples was simultaneously monitored by FTIR during the TGA experiment at the heating rate of 15 K/min. The formation of the main gas components including CO 2 , H 2 O, CH 4 , CO, H 2 and coke is summarised in (Valliyappan et al., 2008) .
All the spectra show bands at 3636, 3724. Increasing the temperature to 528 K corresponding to the middle of PH2, the absorption peaks of CO 2 grew stronger at 669.4, 2309.6-2351.2 cm −1 . The intensity of the CO 2 and H 2 O greatly increased, while a CH 4 peak was still identified (2896.3 cm -1 ), only the absorbance peak of C-O, appeared weakened. This confirms that during PH2, the main thermal decomposition reactions of glycerol occurred, and more gases were produced. Further heating to 739 K and 996 K corresponding to mid-PH3 and mid-PH4 the absorption peaks of CH 4 almost completely disappeared, and the intensities of the absorption peaks of C-O continued to weaken whereas the peak at 2184.7 cm -1 of CO gas was the strongest at 739K. In these phases, the intensities of absorbance peaks of H 2 O and CO 2 were still very strong. At the same time, there were absorbance peaks of C-C, C-O-C and in particular strong C=O stretching vibrations. These may be attributable mainly to the cracking of the fatty acid methyl esters and to the products of their decomposition as well as to a much lower expected extent, further decomposition products of the glycerol pyrolysis residue. Respective significance of the former over the latter is reflected by the differences in the TGA mass loss curves of the crude and pure glycerol above 530 K. It can be seen that with changing the temperature, the intensities of absorbance peaks of CH 4 reached its maximum during PH2. Interestingly, with CH 4 a major product of the crude glycerol decomposition in phase 2 (main decomposition phase), this may have adverse consequences when steam reforming of the crude glycerol, as catalytic methane steam reforming may require temperatures higher than pure glycerol catalytic steam reforming. In addition, no N-or S-containing compounds were detected and some gases such as H 2 , N 2 , and O 2 have no IR absorption or have very weak peaks, and so are undetectable by FTIR (Yan et al., 2005) .
Some researchers studied that the concurrent and dehydration reactions of gas-phase pyrolysis of glycerol at low temperatures may lead to the formation of the products such as liquid, gas and char (Stein et al., 1983) . At high temperatures, consecutive thermal cracking reactions were predominant to form H 2 , CO, CO 2 and coke. Different pathways of these species formation can be presumed, via the formation of the intermediates acrolein (C 3 H 4 O) and acetaldehyde (C 2 H 4 O) (Stein et al., 1983 and Buhler et al., 2002 Some results indicated that as temperature increased, the production of H 2 increased and carbon deposited due to the cracking of some hydrocarbons (Valliyappan et al., 2008) . Carbon formation may lead to blockage of catalyst pores in steam reforming and in extreme cases complete failure of the reactor. Some gasification reactions of carbon with H 2 O, H 2 , and CO 2 at high temperatures may avoid its production.
Kinetic analysis
A comparison of the models indicated that for the first three phases of the crude glycerol pyrolysis, the best fit was the power law (m = 1). Such a best fit was verified by (i) a linear correlation coefficient closer to 1 than the other models tested, (ii) close agreement in the conversions found experimentally and those recalculated with the derived kinetic parameters and the best fit model. The calculated conversions curves are compared with the experimental ones in Figs. 3-7. The kinetic parameters used to build these curves are listed in Tables 3 to 6 for phases from PH1 to PH4 respectively. Also included in Tables 3-6 are the correlation coefficients, the number of data points used in the linear fit, and the range of conversions used to obtain them. In the calculations, the subroutine 'fitexy' of the numerical recipes (Press, et al., 1992 ) was used to find estimates of A and E, and to calculate their uncertainties based on an assumed error of 1% on both absolute temperature and conversions. The conversions were re-calculated as a function of temperature using these values of E and A and the best-fit mechanism integral function, effectively modelling the TGA experiment. In the construction of
Figs. 3-5 corresponding to the kinetic modelling of PH2 and PH1, the conversion values used for the fit were those obtained using the extrema of sample masses from the full TGA run. In
Figs. 6-7 corresponding to PH3 and PH4 respectively, the conversions used for the fits were normalised between 0 and 1, using the extrema of sample masses from the relevant phase only, as opposed to those of the full TGA run. Using conversions normalised between 0 and 1 for PH1
and PH2 failed to reproduce well the experimental results, and similarly, a non-normalised conversion approach in PH3 and PH4 did not yield good modelling results.
Individual discussion of each phase of crude glycerol decomposition
The lower values of the activation energy E in phase 1, found between 27 and 34.8 kJ/mol and shown in Table 3 , confirmed that physical changes such as the evaporation of water and methanol and/or the breaking of the weak chemical bonds occurred during the first stage of the pyrolysis of crude glycerol. It is therefore difficult to attribute the activation energies or enthalpies of vaporisation derived for PH1 to particular components of the crude glycerol. This is reflected by the poor modelling fit obtained for PH1 conversions for all the heating rates studied (Fig. 5 ). PH1 and PH2 were not well reproduced by modelling when using normalisation between 0 and 1 for these phases conversion ranges. They were better modelled using the non-normalised conversions, as shown in Figs. 3-4 for PH2 and Fig. 5 for PH1. This is explained by the glycerol decomposition initiating in the middle of PH1 as can be seen from
Figs.1-2), indicating that PH1 and PH2 are interconnected by the pure glycerol mass loss.
Therefore attempts to treat PH1 and PH2 separately by normalising their conversions between 0 and 1 were expected to fail. For the same reason the kinetic modelling attempted for PH1 is only good in a restricted conversion range due to the limitations of representing the evolution of several compounds with just one set of kinetic parameters. Vice-versa, the modelling of PH2 shown in Fig. 3 indicates the agreement between modelled and experimental conversions is good in the central conversion range (20-70%), dominated by the glycerol reactant. Figure 3 also plots the pure glycerol experimental and modelled conversions with an excellent match.
Considering the activation energies of the pure glycerol compared with those of the crude glycerol during PH2, in the ranges 61-74 kJ/mol and 44-50 kJ/mol respectively, together with the fact that higher conversions were clearly seen in Figs 2 and 3 for the crude than for the pure glycerol at a given 'PH2' temperature, indicates clearly that the glycerol in the crude mixture decomposed more readily than pure glycerol. To show this effect more conclusively, the linear fitting yielding the kinetic parameters for the pure glycerol listed in Table 3 was carried out twice for the same heating rate experiment: firstly for the widest range of conversions of linear fit validity, and secondly, in a smaller conversion range equal to that used for fitting the crude glycerol conversions during PH2 at the same heating rate. The discrepancy between pure and crude glycerol decomposition activation energies was observed in both types of fits, with significantly higher values, by 30 kJ/mol for 5 K/min (closest to isothermal conditions) to 10 kJ/mol for 20 K/min. This corroborated that these higher values were not an artefact of using a wider range of conversions and temperatures, but rather reflected a slower pyrolysis chemistry of the pure compared to the crude glycerol during its main decomposition phase.
Conversely, PH3 and PH4 occurred in temperature ranges much higher than that of the pure glycerol decomposition, indicating thermal decomposition thermodynamics and chemistries separate from those of the main component glycerol during PH2. The normalised conversions during PH3 and PH4 were in excellent agreement with their modelled counterparts, which can be seen in Figs 6-7. This further indicated that PH3 and PH4 exhibited independent reaction mechanisms from each other and from those of the previous phases PH1 and PH2. PH3 and PH4 most likely corresponded to distinct families of components undergoing decomposition. The higher activity in evidence in PH2 compared to that of the pure glycerol could then be attributed to PH1-specific components in the crude while those responsible for PH3 and PH4 had no influence on the higher reactivity of PH2. The kinetics of the 3 rd and 4 th decomposition phases attributed to fatty acid methyl esters cracking and pyrolysis tarry residues were sensitive to the heating rate. As postulated earlier, the crude components responsible for this effect are very likely to be water and methanol. Hence, the TGA experiments of 10% water in crude glycerol and 10% methanol in glycerol were designed to examine this effect. Figure 2 showed that the 10% water-glycerol and the 10% methanol-glycerol exhibited a similar homogeneous catalytic effect as the crude glycerol, their main decomposition being completed at significantly lower temperature than the pure glycerol. We can therefore attribute the lower temperature of onset of PH2 to the presence of both water and methanol. The concept of water-catalysed thermal decomposition reactions in the gas and aqueous phase is not new and forms the basis of many green processes. Although to our knowledge the literature does mention such an effect in glycerol pyrolysis, other oxygenated hydrocarbons have been reported to undergo water-catalysed decomposition such as formic acid decomposition (Chen et al., 2008) . Methanol is rarely mentioned as a catalyst of decomposition reactions but rather a reactant in its own right in many organic reactions.
Phase 3 generated activation energies higher than PH2, in the range 77-117 kJ/mol, listed in Table 5 which, from the FTIR analysis were attributable to the cracking of fatty acid methyl esters and to that of glycerol pyrolysis residue as well as other crude glycerol impurities. Despite finding that the activation energy varied significantly with the heating rate for this phase, the actual conversion curves were very quasi-superimposable for the 10, 15 and 20 K/min heating rates. For all the heating rates, Fig. 6 shows that the calculated conversions were able to reproduce extremely well the experimental conversions of PH3, in the large (normalised) conversion range 0-90 wt%, corroborating the hypothesis of a separate mechanism to those of PH1 and PH2. Phase 4 (PH4) was then modelled with even higher activation energies, listed in Table 6 , in the range 229-325 kJ/mol. Local spurious mass fluctuations were registered by the TGA during this phase and were subsequently eliminated from the data for the purpose of the kinetic modelling. Nevertheless, Fig. 7 shows that despite these small gaps in the data, the modelled and experimental conversions for PH4 were in very good agreement. Only the highest conversions showed a discrepancy between calculated and experimental conversions, as would be expected from mass transfer limitations. In the modelling of PH4, the best mechanism function was found to be the 3-D diffusion model as opposed to the power law found for PH1-3.
This has two effects: firstly, the diffusion models tend to generate activation energies roughly twice as large as the other models such as power law or reaction order; secondly, this diffusion driven mechanism could arise from layers of intermediate tarry products which would offer a mass transfer resistance to the progress of the pyrolysis reactions. The latter would explain the sensitivity of kinetic parameters of PH4 to the heating rate. In support of this theory, it was observed that in the FTIR spectrum during PH4 the C-C and C=C peaks became more prominent to the detriment of the CO 2 peak, consistent with tar thermal decomposition, leaving coke and ash behind.
Effect of heating rate
It can be observed from Tables 3-6 that the values of kinetic parameters such as E and A can be different for the four heating rates, in particular for PH3 and PH4, indicating the thermal decomposition of crude glycerol may depend on the experimental conditions. As the heating rate is increased, the maximum mass loss and/or maximum rate of decomposition shift to higher temperatures. This is attributed to the variations in the rate of heat transfer with the change in the heating rate and the short exposure time to a particular temperature at high heating rates, as well as the effect of the kinetics of decomposition. In pyrolysis experiments of pure compounds, heating rate-independent kinetic parameters may be derived using a small range of small heating rates (e.g. 3, 6 and 9 K min -1 ) according to the numerical methods outlined in Rotaru et al (2007) .
In the present study where crude glycerol decomposition was modelled via four separate phases, and where larger heating rates were employed, none of these methods were able to generate kinetic parameters that were heating rate-independent.
Discussion relevant steam reforming of crude glycerol
To conclude the modelling of the four phases of crude glycerol pyrolysis in the light of its potential use as catalytic steam reforming feedstock for production of hydrogen, it is expected that the catalytic steam reforming of crude glycerol generated by manufacturers of biodiesel may be more challenging than that of the pure glycerol. Pure glycerol has a single, well defined narrow range of thermal decomposition, leaving little residue, and therefore offers relatively mass residue above 1100K. This easily-formed tarry residue, is likely to offer major impediments to crude glycerol catalytic steam reforming. Ways of avoiding its formation using, for instance, appropriate catalysis routes using for instance a zeolite such as ZSM-5 in the heating zones upstream of the reforming catalyst are therefore recommended.
Conclusion
Thermal decomposition of crude glycerol is expected to play an important role in the steam-reforming process. In this paper, the pyrolysis of the crude glycerol from a bio-refinery was studied by thermogravimetry coupled with Fourier transform infrared spectroscopy to shed light on its thermal decomposition mechanism. The pyrolysis of the crude glycerol by-product of a biodiesel production process exhibited four phases and the main gas components evolving from the reaction included CO 2 , H 2 O, CH 4 , CO, and some organics. Low temperature decomposition of the crude glycerol (phases 1 & 2, temperatures below 500K) yield residues difficult to eliminate via thermal means (phase 3, ending below774K), with diffusion controlled reactions responsible for the final removal of tars before char is left as a residue (phase 4, below   1123K ). An improved iterative Coats-Redfern method was used to evaluate non-isothermal kinetic parameters, and the activation energy and pre-exponential factor were calculated by means of linear regressions. The kinetic modelling revealed that the first two phases of the decomposition possibly exhibited a catalytic effect attributed to water and methanol interactions with the glycerol, difficult to model in their entirety with single reaction decomposition kinetics, while the third and final phases could be treated independently and could be reproduced very well by different models over entire range. Table 6 Kinetic parameters found using the 3D-diffusion model (Jander Equation Table 3 . Table 3 . Kinetic parameters used in the modelled curves are in Table 4 . Table 1 for 3 rd phase of the pyrolysis (PH3) of crude glycerol.
Experimental points are shown with a density of 1 in 10. Kinetic parameters used in the modelled curves are in Table 5 . Table 2 for 4 th phase of the pyrolysis (PH4) of crude glycerol.
Experimental points are shown with a density of 1 in 10. Kinetic parameters used in the modelled curves are in Table 6 .
